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EFFECTS O F  MELTING PRACTICE AmD ALUMIti#M COPLTING ON T€l3 LIFE OF 

GMR 235 BUCKETS OPERA!lED AT 1650O F I N  A TURBOJET ENGINE 

By C. A. Gyorgak, J. R.  Johnston, and J. W. Weeton 

SUMMARY 

An invest igat ion w a s  conducted t o  determine the  e f f ec t s  of melt- 
ing prac t ice  and aluminum coating on the l i f e  of GMR 235 buckets operated 
a t  1650° F i n  a tu rboje t  engine. 
mercial source. 
melting of master heats. 
remelted as subheats under a cover of argon atmosphere and were poured 
t o  bucket configuration i n  investment molds purged with argon. 
coating of buckets w a s  accomplished by dipping and diffusion heat  
t r ea t ing .  

The buckets were obtained from a com- 
The melting pract ice  consisted of vacuum melting or a i r  

The m a s t e r  heats of each melting prac t ice  were 
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operating under cycl ic  conditions. A s ing le  cycle c o n s i s t e T o T a - 1 5 = - - - -  
minute rated-speed (11,500 rpm) in te rva l  followed by an approxhate  5- 
minute idle-spez6 (3IO3 -qm) interval .  The invest igat ion indicated t h a t  
vacuum-melted buckets had b e t t e r  than twice the  l i f e  of air-melted buck- 
e t s  when l i f e  was based on time t o  f racture .  However, there  did not ap- 
pear t o  be an appreciable difference between vacuum-melted or air-melted 
buckets when performance w a s  based on time t o  cracking of the buckets by 
thermal fa t igue.  Aluminum coating appeared to improve the resis tance t o  
thermal fa t igue  and the time t o  f racture  of the  air-melted buckets; how- 
ever, o the r  fac tors  present i n  the fabricat ion and t e s t i n g  of these buck- 
e t s  m a y  have contributed t o  t h e i r  apparent b e t t e r  performance. The im-  
provements thus could not be a t t r ibu ted  t o  aluminizing alone. Aging of 
air-melted buckets did not s ign i f icant ly  a f f ec t  performance with respect 
t o  crack formation or time t o  fracture.  Diffusion heat treatment alone 
s l i g h t l y  decreased the thermal-fatigue resis tance of vacuum-melted and 
air-melted buckets but increased s l igh t ly  the  time t o  f rac ture  of air- 
melted buckets. 
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* 
INTRODUCTION 

For some time the operating temperatures of t u r b o j e t  bucket a l loys - 
w e r e  l imited t o  the r e l a t i v e l y  low use temperature of approximately 
15000 F. However, during the  pas t  several. years s i g n i f i c a n t  increases 
i n  t h e  high-temperature s t rength of nickel-base alloys have been ob- 
ta ined  through al loy development and the  u t i l i z a t i o n  of vacuum-melting 
pract ices .  This increase i n  s t rength na tura l ly  suggested t h a t  an in- 
crease i n  operating temperature w a s  feas ib le .  M 

I cn ul For the  pas t  several  years,  Lewis Research Center has t e s t e d  some co 
of t h e  newer alloys at increasing operating temperatures. Increases i n  
operating temperatures were coincidental  with t h e  r e l a t i v e  increase i n  
s t rength obtained i n  the  al loys.  Studies of t h e  performance of Inconel 
700 a t  1625O F ( re f .  l), al loy S-816 plus boron, modified S-816 plus 
boron, and Guy al loy a t  1650O F ( r e f s .  2 and 3) i n  533 engines, and Udi- 
m e t  500, B and B, SEL-1, and Inconel 713 al loys at 1700O F ( r e f .  4) i n  
a 547 engine have shown t h a t  high-strength al loys can be operated a t  
temperatures above 1500' F and y i e l d  acceptable performance. 

GMR 235, a nickel-base a l loy  developed t o  operate a t  a temperature 
1 

of 1500O F f o r  100 hours at  a s t r e s s  as high as 34,000 p s i  ( r e f .  5), 
a l s o  appeared t o  have p o t e n t i a l  f o r  operation a t  1650O F. 
5) indicated t h a t  c a s t  GMR 235 possessed good thermal-shock and 
mechanical-fatigue propert ies  and t h a t  the s t ress-rupture  s t rength of 
t h e  alloy could be improved by aging f o r  5 hours a t  1800O F. 
were obtained from material. air-melted i n  master heats  t h a t  were re- 
melted and c a s t  under an argon cover i n  subheats. 
( r e f .  6) indicated t h a t  vacuum melting of master heats improved the  
propert ies  of GMR 235 over those obtained with the  air-melting prac t ice .  
Pr iva te  communications with the  Allison Division of  General Mgtors in- 
dicated t h a t  the  thermal-fatigue res i s tance  of GMR 235 could be improved 
f u r t h e r  by applying an aluminum-dip coating. 

Tests ( r e f .  . 
These data  

Later  invest igat ions 

Since GMR 235 appeared t o  have p o t e n t i a l  as a 1650° F bucket m a t e -  
rial and since var ia t ions i n  melting prac t ice  and heat treatment appeared 
t o  fur ther  improve al loy propert ies ,  an engine invest igat ion a t  t h i s  t e m -  
perature  w a s  i n i t i a t e d .  The spec i f ic  object ives  of t h i s  inves t iga t ion  
were t o  determine1 

(1) The degree of improvement i n  engine l i f e  of GMR 235 vacuum- 
melted buckets over air-melted buckets 

(2 )  "he e f f e c t  of aluminum coating on the l i f e  and thermal-fatigue 
properties of both t h e  vacuum-melted and air-melted buckets 

(3) The e f f e c t  of an aging treatment on the l i f e  of air-melted 
buckets 
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Eight groups of GMR 235 buckets were evaluated i n  t h i s  invest iga-  
t i o n .  O f  the  e ight  groups, fou r  were produced from vacuum-melted master 
hea ts  and the  o ther  four groups from air-melted master hea ts .  All of 
the  subheats, c a s t  from these two types of master heats ,  were c a s t  under 
a cover of argon i n t o  preheated investment molds purged with argon. 
Some buckets from both the  vacuum-melted and t h e  air-melted master hea ts  
were coated by an aluminum-dipping process. The buckets were evaluated 
i n  a 533-9 engine. The engine w a s  operated under cyc l ic  conditions i n  
which each cycle w a s  of 20-minute duration and consis ted of a 15-minute 
rated-speed (11,500 rpm) i n t e r v a l  followed by approximately a 5-minute 
i n t e r v a l  a t  i d l e  speed (4000 r p m )  . 
cen t r i fuga l  stress a t  t h e  bucket midspan was approximately 20,000 p s i  
and the  midchord, midspan temperature w a s  maintained at 1650° F. The 
engine t e s t  w a s  terminated a f t e r  269 hours of accumulated rated-speed 
operat ing t i m e .  
inspect ion,  metallographic s tud ies ,  and hardness determinations before 
and a f t e r  t h e  engine t e s t .  

During t h e  rated-speed in t e rva l ,  t h e  

Buckets from each group were subjected t o  macrographic 

APPARATUS, MPLTERIALS, AND PROCEDURF1 

u Test Engine 

w A conventional 533-9 engine w a s  modified t o  permit operat ion of 
-- - - - - ~ ~ u ~ ~ ~ ~ ~ ~ A ~ ~  desigr, Jgperat1x-e of 15000 F. the  The major 

modification consis ted of introducing compressor-air 'oleeSom-po-Ws I n  - - 
t h e  spacers loca ted  between t h e  d i f fuser  and a i r  adapters.  By bleeding 
3 ? e x e a t  nf the compressor air ,  it was possible  t o  operate the  engine 
s:;ff i c i e n t l y  below the  compressor s-xrge l i n e  to prevent v ibra t iona l  
problems while a bucket temperature of 1650O F w a s  maintained. I n  addi- 
t i o n ,  t h e  standard turbine s t a t o r  blade assembly was replaced by a l a t e r  
engine model (J33-33) s t a t o r  assembly. 
a v a i l a b i l i t y  considerations and required t h a t  t he  t e s t  buckets include 
fea tures  of both the  533-9 and the  533-33 buckets. 
buckets were cas t  with 533-33 a i r f o i l s  and with the  533-9 base configu- 
r a t i o n .  These buckets were inser ted  i n t o  a disk made from S-816 a l loy .  

- - - - - - - - - - - -  

This change w a s  made because of 

Hence, t h e  t e s t  

Turbine Buckets 

The GMR 235 buckets were obtained from a commercial source and were 
produced as follows: 
process from master heats  of t h e  al loy produced by e i t h e r  vacuum melting 
or a i r  melting. 
s i z e  as t o  produce a s ingle  bucket. The subheats were remelted and c a s t  
under a cover of argon in to  preheated investment molds purged with argon. 
Buckets produced from two vacuum-melted master heats  (here inaf te r  re- 
f e r r e d  t o  simply as  "vacuum-melted" buckets) and four  air-melted master 

The buckets were prec is ion  cas t  by the  lost-wax 

The master heats  were divided in to  subheats of such a 
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heats  (hereinaf ter  re fer red  t o  as "air-melted" buckets) were evaluated. 
The c e r t i f i e d  chemical analyses of these s i x  heats  a re  given i n  t a b l e  I. 

The melting prac t ice  and heat  treatments per ta ining t o  each group 
of buckets s tudied i n  t h i s  invest igat ion are shown i n  t a b l e  11. I n  ad- 
d i t i o n ,  the groups t h a t  were aluminum-dipped (here inaf te r  re fer red  t o  as 
"aluminized" buckets) are i d e n t i f i e d .  
t h e  groups of air-melted buckets w a s  aged p r i o r  t o  t e s t i n g .  Although 

Table I1 a lso  shows t h a t  one of 

t h e  exact coating procedure w a s  not made avai lable  t o  the  Lewis Research 
Center, i n  general it included these major s teps:  

T cn cn co 
(1) cleaning i n  a s a l t  

bath,  (2 )  immersion i n  a molten aluminum bath (thickness of coating i s  
proportional t o  time t h a t  buckets a re  kept i n  aluminum bath) ,  (3) i m -  
mersion i n  a salt  bath t o  remove excess aluminum (normal sag and runoff 
of aluminum) , and (4) a 3-hour diffusion heat  treatment a t  204O0jJO0 F. 
I n  order t o  determine whether t h e  aluminizing or the  d i f fus ion  heat 
treatment were the  control l ing f a c t o r  should improvements over as-cast  
bucket l i f e  r e s u l t ,  it w a s  also necessary t o  engine-test  groups of un- 
coated air-melted and vacuum-melted buckets subjected t o  t h e  same d i f -  
fusion heat treatment. 
prove stress-rupture s t rength)  w a s  applied t o  some of t h e  as-cast air- 
melted buckets. No aging treatment w a s  given vacuum-melted buckets be- 
cause of an insuf f ic ien t  supply. 

An aging treatment of 5 hours at 18000 F ( t o  im- 

-. 

Buckets f r e e  of defects  detectable by radiographic inspection, and . 
containing only a l imited number of surface defects  indicated by f luores-  
cent  o i l  penetrant (PE zyglo) examinations, were used. 
i n  t h e  performance t e s t  were examined with F'E zyglo per iodica l ly  during 
t h e  evaluation program f o r  surface defects and cracks. 

The buckets used 

Engine Operation 

The J33-9 t e s t  engine w a s  operated under cycl ic  conditions i n  which 
a s ingle  cycle w a s  of 20-minute duration1 15 minutes a t  ra ted  speed 
(11,500 rpm) and approximately 5 minutes a t  i d l e  speed (4000 rpm). Ac- 
ce le ra t ion  from i d l e  speed t o  ra ted  speed and decelerat ion from ra ted  
speed t o  idle speed were accomplished i n  similar periods of time, approx- 
imately 15 seconds. During the rated-speed operation t h e  midspan, mid- 
chord bucket temperature w a s  measured with thermocouples mounted i n  two 
S-816 buckets (shortened t o  reduce cent r i fuga l  s t r e s s )  . 
measurements, taken through a system of s l i p  r ings,  were recorded on an 
electronic  potentiometer. 
span) and temperature (1650' F a t  the midchord, midspan posi t ion)  were 
control led by engine speed and exhaust-nozzle opening, respectively.  
Engine operation w a s  in terrupted t o  replace f a i l e d  buckets, t o  replace 
o ther  fa i led  engine components, f o r  major overhauls, and a t  the end of 
each work day. The t e s t  w a s  terminated a f t e r  269 hours of rated-speed 

The temperature 

Rated-speed bucket s t r e s s  (20,000 p s i  a t  mid- 
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operation. 
time at  ra ted  speed only. 

The times of f a i l u r e  reported herein r e f e r  t o  the  cumulative 

S t r e s s  and Temperature Distributions i n  Turbine Buckets 

a3 
In 
In 

I w 

The cent r i fuga l  s t r e s s  and average spanwise temperature d is t r ibu-  
t i o n s  encountered during rated-speed operation a re  shown i n  f igure  1. 
The cent r i fuga l  s t r e s s  d i s t r i b u t i o n  along the span of t h e  GMR 235 buck- 
e t s  w a s  determined by a graphical method t h a t  takes  i n t o  account the  
bucket geometry, density,  radius of rotat ion,  and r o t a t i o n a l  speed 
( r e f .  7 ) .  

The spanwise bucket temperature d is t r ibu t ion  at  the  midchord posi- 
t i o n  w a s  determined during the i n i t i a l  stage of operation and was 
checked af te r  each major overhaul. Four S-816 thermocoupled buckets 
were used t o  obtain t h e  temperature d is t r ibu t ion  i n i t i a l l y  and a f t e r  
each major overhaul (ref. 8) .  
f igure  1 represents an average of the  temperature d is t r ibu t ions .  
t e s t  operation, only two thermocoupled buckets were used. 

, 

The temperature d i s t r i b u t i o n  p lo t ted  i n  
For 

Bucket Elongation Measurements 
0 

-9 

- - - - - - ,  L ,  v - m m b p v e r e  t&?n - ~ g  -1.1 g-~gzk.,_ gege lengths scr ;het i  - - - -  - _ - - - _ -  - - -  ~~ _ 
on the convex s ide near t h e  t r a i l i n g  edge of the  buckets, as shown i n  
f igure  2. Elongation measurements were taken on two buckets of each of 
the seven groups t h a t  were inser ted  i n  t h e  engine at t h e  beginning of 
the test. Measurements were taken at convenient i n t e r v a l s  during t h e  
t e s t .  The elongation of each scribed segment w a s  measured with an opt i -  
c a l  micrometer having a s e n s i t i v i t y  of 0.0001 inch. 
elongation measurement w a s  influenced by t h e  degree of bucket oxidation, 
d i s t o r t i o n ,  and warpage. Because of these f a c t o r s ,  the  ac tua l  reproduc- 
i b i l i t y  of an elongation reading was of the  order  of &O. 2 percent i n  the  
1/2-inch gage length considered. 

Accuracy of t h e  

Macro examinat ion of Buckets 

Three as-cast  vacuum-melted buckets and t h r e e  as-cast  air-melted 
buckets were macroetched i n  an 80 percent hydrochloric acid, 20 percent 
hydrogen peroxide so lu t ion  t o  give an indicat ion of gra in  s i z e  and cas t -  
ing f l a w s .  
t i o n s  (up t o  X20) and with zyglo techniques t o  determine, as nearly as 
possible ,  t h e  mechanism of fa i lure  or the  condition i f  unfailed.  

A l l  operated buckets were examined v isua l ly  at  low magnifica- 
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Fai lure  Mechanisms 

Many s m a l l  cracks along the  bucket leading edges were observed a t  
t h e  periodic inspections during the engine tes t .  
has been observed previously i n  547 engine t e s t s  (refs. 4, 9, and 10) 
and has been shown t o  be caused by thermd-s t ress  fa t igue ( r e f .  10). 
Although it has not been shown t h a t  the  cracks observed i n  533 buckets 
were thermal-fatigue-induced, it i s  very l i k e l y  t h a t  the  f a i l u r e  mechan- 
i s m  w a s  t h e  same as i n  the 547 buckets. Thus, buckets containing leading- 
edge cracks were termed thermal-fatigue f a i l u r e s j  however, buckets were 
not  removed from the engine because of these thermal-fatigue cracks. 
Only buckets t h a t  f ractured or were i n  imminent danger of f r a c t u r e  were 
removed. The f rac ture  mechanisms were c l a s s i f i e d  8s follows: 

This type of cracking 

(1) Stress-rupture:  Bucket f a i l u r e  occurred by cracking within the 
a i r f o i l  or by f rac tur ing  i n  an i r r e g u l a r ,  jagged, i n t e r c r y s t a l l i n e  path.  

( 2 )  Mechanical fa t igue:  Cracks progressed from nucleation si tes - 
usual ly  a t  or near the leading o r  t r a i l i n g  edges - i n  s t r a i g h t  paths,  
which frequently were smoothj they of ten  showed progression l i n e s  or con- 
c e n t r i c  rings and appeared t o  be t ranscrys ta l l ine .  

(3) Stress-rupture and mechanical fa t igue t Bucket f a i l u r e s  appeared 
t o  be caused by a combination of two mechanisms, s t ress-rupture  and fa- 
t igue .  The f r a c t u r e  surface consisted of a s m a l l  a rea  having character-  
i s t i c s  of s t ress-rupture  and a l a r g e r  area with fa t igue  c h a r a c t e r i s t i c s  
(a  re la t ive ly  smooth f a i l u r e  area showing concentric r i n g s ) .  A f u r t h e r  
c r i t e r i o n  can be t h e  appearance of secondary s t ress-rupture  cracks near 
t h e  nucleation s i t e  of the  main crack. 

(4 )  Damage: Buckets showing nicks or dents so extensive t h a t  f rac-  
t u r e  would probably occur i n  a short  time were removed from the engine 
and were considered t o  be damage f a i l u r e s .  Also, buckets i n  which f rac-  
t u r e  was seen t o  have propagated from a nick or dent were considered dam- 
age f a i l u r e s .  
t h e  data.  

Damage f a i l u r e s  were not considered i n  the  analysis  of 

Metallographic Studies of Buckets 

Metallographic specimens o f  a i r f o i l  sect ions were taken from new 

The diffusion-heat-  
buckets, as shown i n  f igure  3. One bucket of each group tes ted ,  except 
t h e  diffusion-heat-treated groups, w a s  examined. 
t r e a t e d  buckets were not examined because t h e  s t ruc ture  w a s  believed t o  
be s imilar  t o  t h a t  o f  the  aluminized buckets of the respective melting 
prac t ice  (vacuum or a i r ) .  
imens taken near the  o r i g i n  of f a i l u r e  of t h e  f i rs t  and l as t  bucket 

Metallographic s tud ies  a l s o  were made on spec- 
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f a i l u r e s  of each group t e s t e d .  
on buckets t h a t  Showed excessive stress-rupture cracking or thermal- 
fa t igue  cracking on the  leading edges. 
t h e  unetched and etched condition. 
etched i n  a solut ion containing 40 percent c.p. hydrochloric acid, 10 
percent c .p .  n i t r i c  acid,  and 50 percent d i s t i l l e d  water. 

I n  addition, extensive s tudies  were made 

Specimens were examined i n  both 
The specimens w e r e  e l e c t r o l y t i c a l l y  

Hardness Measurements 

Rockwell C hardness determinations were made on specimens taken 
from t h e  c e n t r a l  sec t ion  of  buckets, as shown i n  f i g u r e  3 .  Hardness 
specimens were taken from as-received, f i r s t - f r a c t u r e d ,  and last-  
f rac tured  buckets of each group. 
spanwise locat ions beginning 1 / 2  inch above the  base. 

The hardness w a s  measured at several  

PREDICTED BUCKET LIFE BASED ON SEC3SS-RUFTURF: CONSIDERATIONS 

By use of the s t r e s s  and temperature d i s t r i b u t i o n s  determined f o r  
. the  buckets ( f i g .  1) i n  conjunction with s t ress-rupture  d a t a  for GMR 235 

alloy, it i s  possible t o  approximate the l i f e  expectancy of these buckets 
i f  the  s o l e  cause of f a i l u r e  i s  assumed t o  be s t ress-rupture .  Predicted 

* l i f e  f o r  t h e  as-cast  air-melted buckets i s  shown i n  f igure  4. This pre- 

melted GMR 235 material (not the  same heats  of material used i n  t h i s  
invest igat ion)  . 

~ ~ - ~ ~ ~ ~ctlcm xas 2msaLcm t h e  z m . r i - u f a ~ & u ~ e ~ ' ~  &rgsF-rqt:;-e -d& f o r  +?-- ~ 

Predicted lives of GMR 235 vacumi-melted and &minized  buckets were 
not determined because it w a s  f e l t  that  the  buckets needed for t h e  engine 
t e s t  could not be s a c r i f i c e d  for stress-rupture data .  

The l i f e  values shown i n  f igure  4 were determined by in te rpola t ing  
between isothermals of the manufacturer's s t ress-rupture  da ta  f o r  the  
stress and temperature conditions prevail ing at  incremental distances 
along t h e  span of the  buckets. The minimum expected l i f e  w a s  determined 
t o  be 68 hours. This minimum l i f e  was coincident with a distance 2 .25  
inches above the  base, and stress-rupture f a i l u r e s  would be expected t o  
occur i n  a region near t h i s  point.  If stress-rupture  i s  assumed t o  be 
t h e  sole  f a i l u r e  mechamism, t h i s  region may be considered the  c r i t i c a l  
zone of t h e  buckets. Experience has shown, however, t h a t  f a c t o r s  o ther  
than  s t ress-rupture ,  such as vibrat ional  s t r e s s e s ,  thermal cycling, and 
corrosion, influence t h e  l i f e  of the  buckets and may cause f a i l u r e  t o  
occur outs ide of the  c r i t i c a l  zone and at times o ther  than those pre- 
d ic ted  on t h e  basis of cent r i fuga l  s t ress  and temperature ( r e f .  11). 
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rnSULTS 

Engine Operating 

Fracture mechanism. - Figures 5 t o  
235 buckets encountered during t e s t i n g .  

Results 

8 show t y p i c a l  f a i l u r e s  of GMR 
Figure 5 shows t y p i c a l  stress- 

rupture cracking t h a t  ult imately would lead  t o  f rac ture .  
curred i n  vasious locat ions along t h e  span from 1.5 t o  3.2 inches above 
t h e  base platform. These cracks were intergranular  i n  nature, and t h e  
majority of them occurred i n  t h e  c r i t i c a l  zone ( f i g .  4) , where s t r e s s -  
rupture would be expected. Figure 6 shows a failure t h a t  w a s  i n i t i a t e d  
by stress-rupture and w a s  f ractured by a combination of s t ress-rupture  
and mechanical fa t igue.  Figure 7 shows the  progression of  a t y p i c a l  
mechanical-fatigue f a i l u r e  u n t i l  the  cross-sect ional  area was too s m a l l  
t o  support the imposed load and the f i n a l  separation occurred as a ten- 
s i l e  fa i lure .  Figure 8 shows a s l i g h t l y  damaged bucket, which ind ica tes  
t h a t  GMR 235 can reac t  i n  e i t h e r  a b r i t t l e  or a d u c t i l e  manner when i m -  
pacted by f ly ing  fragments of f rac tured  buckets. The majority of t h e  
damage-failed buckets showed a b r i t t l e  type of f r a c t u r e ,  however. A l l  
of  the vacuum-melted buckets f a i l e d  as a r e s u l t  of damage or fa t igue ,  
whereas the majority of the  air-melted buckets f a i l e d  by s t ress-rupture  
cracking. 

The cracks oc- 

Bucket l i f e .  - The operating l i f e  and types of f rac tures  encountered 
with each of the  e ight  groups of GMR 235 buckets evaluated i n  t h i s  in-  
vestigation a re  presented graphically i n  f igure  9 and are  tabulated i n  
t a b l e  111. 
and t h a t  of  the air-melted buckets ( i . e . ,  time t o  f r a c t u r e  or crack by 
stress-rupture) shows t h a t  t h e  vacuum-melted buckets had b e t t e r  than 
twice the l i f e  of the air-melted buckets. The arithmetic average l i f e  
of t h e  vacuum-melted buckets w a s  g rea te r  than 250 hours (13 buckets had 
not fa i led  at  the termination of engine t e s t i n g ) ,  while the  average l i f e  
of  the  air-melted buckets w a s  1 0 2  hours. 

A comparison of the average l i f e  of the  vacuum-melted buckets 

Damage-induced f rac tures  precluded v a l i d  comparisons of l i f e  of t h e  
d i f fe ren t  vacuum-melted buckets between individual  groups or with t h e i r  
corresponding groups of air-melted buckets. 

Group-to-group comparison of air-melted buckets w a s  possible and 
shows tha t  the aluminized buckets, group 8, had t h e  longest  average l i f e !  
122 hours. The diffusion-heat-treated buckets, group 6, had an average 
l i f e  of 100 hoursj as-cast buckets, group 5, and aged buckets, group 7,  
had average l i v e s  of 94 hours and 89 hours, respect ively.  

Thermal-stress-fatigue cracking. - Both vacuum- and air-melted GMR 
235 buckets appeared t o  be suscept ible  t o  leading-edge cracking when op- 
e r a t i n g  a t  1 6 5 0 O  F. Thermal-stress-fatigue cracking w a s  detected by 
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zyglo inspection techniques after only 24 hours of rated-speed operation. 
When f i r s t  detected by PE zyglo, the  cracks were so f i n e  t h a t  they could 
not be successful ly  photographed. 
increased s l i g h t l y  i n  s i z e .  
a f t e r  prolonged operation (269 hr  of rated-speed time); t h i s  p ic ture  w a s  
taken after t h e  oxide sca le  had been removed. Table IV summarizes t h e  
da ta  obtained on crack formation and growth with accumulated rated-speed 
operation t i m e .  The number of cracked buckets p l o t t e d  as a function of 
rated-speed operating t i m e  i s  shown i n  f igure 11. The f igure  ind ica tes  
t h a t  over 50 percent of t h e  buckets cracked i n  38 hours and t h a t  100 
percent cracked i n  1 2 0  hours. Aluminizing of the  vacuum-melted buckets 
(group 2) caused a s l i g h t  increase i n  the average time t o  crack forma- 
t i o n  r e l a t i v e  t o  t h e  vacuum-melted as-cast condition (group l) (56 h r .  
against  44 hr ,  respect ively) .  
treatment w a s  detrimental ,  s ince group 3 had t h e  poorest  res i s tance  t o  
cracking. 

With continued operation, the  cracks 
Figure 10 shows the  nature of these cracks 

The data indicate  t h a t  t h e  d i f fus ion  heat  

Figure 11 f u r t h e r  indicates  t h a t  the aluminized air-melted buckets 
had a b e t t e r  crack resis tance than did the  as-cast air-melted buckets. 
The aluminized buckets (group 8) had an average time t o  crack formation 
o f  86 hours as compared with 41 hours for the  as-cast material (group 5).  
It should be r e c a l l e d  t h a t  the  aluminized buckets were from two heats  
which d i f f e r e d  from the as-cast  hea t  used f o r  a basis of coinparison. 
The diffusion-heat-treated air-melted buckets had a l e s s e r  crack r e s i s t -  

y. 
2 

~~~~ 
~~~~ ~~~~~~~~~ 
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Bucket elongation during engine operation. - The percent elonga- 
1 
2 

t i o n s  occurring i n  posi t ions 2 (1- to 2 ic. & m e  the hese) and 3 ( 2  t o  

I 
2- i n .  above the base) (see f i g .  2 for posi t ions)  during rated-speed 
operation are  p l o t t e d  i n  f igure  1 2  for  buckets of groups 1 t o  7 .  Posi- 
t i o n s  2 and 3 were selected because they a re  located near t h e  c r i t i c a l  
zone of the buckets, where the  combination of s t r e s s  and temperature 
would be expected t o  cause p l a s t i c  deformation t o  be most pronounced. 
The d a t a  show t h a t  t h e  buckets generally exhibi ted r a t h e r  low elongation. 
The m a x i m u m  elongation w a s  of the order of 1 . 2  percent and occurred i n  
an air-melted bucket from group 7. 

2 

Based on bucket elongations, the vacuum-melted mater ia l  had a much 
For example, g r e a t e r  res i s tance  t o  creep than the  air-melted mater ia l .  

a t  50 hours of rated-speed operation, the maximum elongation i n  the  
vacuum-melted material (group 4, posit ion 3) w a s  0.14 percent as com- 
pared with the  maximum elongation of 1 . 1 7  percent i n  t h e  air-melted 
mater ia l  (group 7 ) .  
group-7 buckets indicates  t h a t  third-stage creep may have been en- 
countered p r i o r  t o  50 hours of rated-speed operation. 
f e r e n t  groups of vacuum-melted material a f t e r  150 hours of rated-speed 

The s teep  slope of the elongation curve f o r  the 

Among the  d i f -  
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. 
operation, the buckets given the diffusion heat treatment (groups 2 and 
3) had a lower elongation than the  as-cast  groups (groups 1 and 4).  
percentage elongations were approximately 0.15 percent f o r  groups 2 and - 
3 and 0.35 percent for groups 1 and 4. I n  these comparisons it should 
be recognized t h a t  the degree of reading reproducibi l i ty  w a s  a. 2 per- 
cent; consequently, t h e  comparisons made are  more q u a l i t a t i v e  than 
quant i ta t ive.  

The 

Macro- and Micro-Examination of Buckets 

As-received buckets. - Examples of macrograins present i n  vacuum- 
melted and air-melted as-cast buckets (groups 1 and 5) are shown i n  f ig-  
ure 13. 
uniformly f ine  throughout the  a i r f o i l .  The grains of the air-melted 
buckets varied from equiaxed, uniformly f i n e  grains  i n  the upper two- 
t h i r d s  of the  a i r f o i l  t o  columnar, medium-sized grains i n  t h e  lower t h i r d  
of the  bucket a i r f o i l .  

The grains of the vacuum-melted buckets were equiaxed and were 

Typical microstructures of as-received GMR 235 buckets (groups 1, 
3, 5, 7 ,  and 8) are  shown i n  f igure 14. 
graphic s tudies  were not made on as-received diffusion-heat-treated buck- 
e t s  of e i ther  vacuum- (group 3) or air-melted mater ia l  (group 6 ) .  
a l imited supply of buckets w a s  available f o r  study, and it w a s  believed 
t h a t  these buckets would have t h e  same s t ruc tures  as the  aluminized buck- 
e t s  of each melting pract ice .  

A s  s t a t e d  previously, metallo- 

Only 

All buckets examined contained a "Chinese s c r i p t "  type of micro- 
consti tuent t h a t  has been determined t o  be a complex boride ( r e f .  5 ) .  
The as-cast buckets, f igures  14(a)  and ( c ) ,  contained some f i n e l y  dis-  
persed prec ip i ta tes  t h a t  may be N i 3 A l  type in te rmeta l l ic  compounds, which 
a re  commonly present i n  high-nickel alloys containing aluminum ( r e f .  1 2 ) .  
However, the aluminized GMR 235 buckets, f igures  14(b) and (a) ,  lacked 
t h e  f i n e  prec ip i ta te .  The absence of f i n e  p r e c i p i t a t e s  i n  the photo- 
micrographs of the  aluminized buckets w a s  a t t r i b u t e d  t o  solutioning by 
t h e  diffusion heat treatment (20400 F f o r  3 h r )  . The heat  treatment d i d  
not appear t o  a l t e r  appreciably the  "Chinese s c r i p t "  type of precipi-  
t a t e s .  Figure 14(e)  shows a representative microstructure of the  aged 
(5 h r  a t  1800O F) , air-melted buckets (group 7)  . The aging treatment 
a l so  appears t o  have caused a s l i g h t  amount of solutioning. 

Tne microstructure of t h e  "aluminum coating" cons is t s  of an outside 
envelope and a t h i n  two-phase region a t  the  GMR 235 matrix - aluminum- 
coating interface ( f i g .  15) .  A microhardness check of t h e  coating showed 
t h e  outside envelope t o  be equal i n  hardness t o  the matrix and the  two- 
phase region t o  be appreciably harder.  From these observations, it w a s  
concluded t h a t  the outside envelope was an aluminum-rich nickel  a l loy 
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with f i n e  prec ip i ta tes  and t h a t  the  two-phase region probably consisted 
of t h e  aluminum-rich matrix and massive agglomerations of N i 3 A l .  

The thickness of the  coating varied s l i g h t l y  and ranged from approx- 
imately 0 . 6  m i l  on the edges t o  approximately 0.4 m i l  on the body of the 
a i r f o i l .  Cracks were noted along the  coating - base-metal in te r face ,  as 
shown i n  f igure  1 6 .  The cracks were s m a l l  and occurred a t  random loca- 
t i o n s  i n  the  buckets and, i n  some instances, extended from t h e  i n t e r f a c e  
t o  t h e  outs ide of the  coating (nat shown i n  f i g .  1. Their presence could 
not be detected by PE zyglo inspection, so  it i s  possible  t h a t  they oc- 
curred during specimen preparation. 

Operated buckets. - Metallographic study of t h e  operated buckets 
showed t h a t  aging of t h e  a l loy  occurred during engine operation. 
1 7  shows t y p i c a l  microstructures of operated buckets. A comparison of 
photomicrographs of aluminized, diffusion-heat-treated as-received and 
operated buckets ( f i g s .  14(b) and (d)  with 17(b) and (a)) shows t h a t  ap- 
preciable  aging occurred during engine operation. The grea tes t  amount 
of p r e c i p i t a t i o n  during engine operation occurred i n  the aluminized air- 
melted buckets, group 8. Another point t h a t  may be noted f r o m  f igures  

N 1 4  and 1 7  i s  t h a t  the prec ip i ta tes  i n  the as-cast  air-melted and vscuum- 
melted mater ia l  behave d i f f e r e n t l y  during engine operation. 
t a t e s  i n  t h e  as-cast sir-xelted buckets, group 5, appear t o  have agglom- 
era ted  i n  loca l ized  areas ( f ig .  17(c) ) .  The vacuum-melted as-cast  buck- 
e t s i  8ft .er R milch grea te r  period of engine operation, show considerably 
lens tendency toward p r e c ~ ~ ~ ~ e ; . t g g l o m e r n ~ i c o n l  ~ ~ ~ ~ 
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Figure 18 shows photomicrographs of t y p i c a l  leading-edge cracks ob- 
served i n  the GMK 235 buckets. 'The cracks L"oihwed eitktei- a t i-ansgrm- 
u l a r  path ( f ig .  l t i(a))  o r  an intergrmil lar  pat'n ( f ig .  18(b) ) .  Iri some 
instances,  the cracking appeared t o  or iginate  i n  the  sca le  t h a t  formed 
on t h e  buckets during operation ( f ig .  1 8 ( c ) ) .  
propagated a t  a very slow r a t e j  t h e  longest crack detected w a s  of t h e  
order  of 0.15 inch. 

Generally, the  cracks 

Hardness Data 

The r e s u l t s  of t h e  Rockwell C hardness determinations made on as- 
received, f i r s t - f r a c t u r e d ,  a.nd las t - f ractured buckets of each group are  
given i n  t a b l e  V .  (Hardness determinations were n o t  made on as-received 
diffusion-heat- t reated buckets, groups 3 and 6, because of a l imi ted  
supply of m a t e r i a l  and because it was f e l t  that  these buckets would have 
t h e  same hardness as the aluminized buckets, groups 2 and 8.)  The hard- 
ness readings along the span of the as-received buckets were e s s e n t i a l l y  
uniform. The average hardness of the groups of vacuum-melted buckets 
ranged from Rockwell C-29.4 t o  C-31.3, and t h a t  of the  air-melted groups 
ranged from C-28.0 t o  C-29.4. 
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The GMR 235 buckets hardened during operationJ however, the  in-  
crease i n  hardxesc w a s  not m i f o m  along the  span, as can be noted i n  
t a b l e  V. Greatest  hardening generally occurred i n  the  lower p a r t  of the  
a i r f o i l ,  and a maximum increase of nine Rockwell C points w a s  observed. 
The hardness a t  t h e  midspan of the  operated buckets w a s  generally equiv- 
a l e n t  t o  t h a t  of the as-received buckets. 

- 

DISCUSSION O F  RESULTS 

The results of t h i s  invest igat ion may be analyzed from two stand- 
points :  f i r s t ,  the  time necessary t o  cause complete f rac ture  o f  the  
buckets; and second, the time necessary t o  produce thermal-fatigue 
cracks on the  leading edges. 

Bucket Performance Based on Time t o  Fracture 

With regard t o  the  f r a c t u r e  aspect', it w a s  shown t h a t  t h e  vacuum- 
melted groups of buckets had s i g n i f i c a n t l y  grea te r  l i f e  i n  the  engine 
than did the  air-melted buckets. I n  f a c t ,  the  average l i v e s  of t h e  
vacuum-melted buckets were grea te r  than 250 hours as compared with 102 
hours f o r  the  air-melted buckets. 

Reasons f o r  the  super ior i ty  (on the  bas i s  of time t o  f rac ture)  of 
t h e  vacuum-melted buckets were sought. A comparison of the chemical 
analyses of the various groups of buckets showed t h a t  the  compositions 
were essent ia l ly  t h e  s m e j  a t  l e a s t ,  the  differences t h a t  did occur could 
be expected t o  r e s u l t  from the  differences i n  melting prac t ice .  There 
w a s  a difference i n  the s i l i c o n  content i n  t h a t  t h e  vacuum-melted mate- 
rial had only 0.05 percent as opposed t o  0.38 percent f o r  the  air-melted 
mater ia l .  I n  addition, there  w a s  a s l i g h t  difference i n  the  average 
titanium-aluminum r a t i o s  between the  two major groups of buckets: The 
r a t i o s  of t h e  vacuum-melted master heats  and the air-melted master heats 
were 0 . 6 6 1  and 0.650, respectively.  

41 

An indication t h a t  t h e  microstructure of the  vacuum-cast materials 
w a s  more s tab le  than the s t ruc ture  of t h e  air-melted buckets w a s  revealed 
i n  two ways: F i r s t ,  the  as-cast air-melted operated buckets seemed t o  
show an agglomeration of p r e c i p i t a t e s  ( f i g  . 1 7  (c) ) J t h i s  agglomeration 
occurred a f t e r  1 2 1  hours of operation. On the  o ther  hand, the  as-cast  
vacuum-melted operated buckets showed no appreciable agglomeration of 
prec ip i ta te  after 213 hours ( f i g .  1 7 ( a ) ) .  An addi t ional  point  t h a t  might 
be made i s  t h a t  the  aluminized vacuum-melted buckets ( f i g .  17(b) )  d i d  not 
age t o  as grea t  a degree (microstructurally) as d id  t h e  aluminized air- 
melted buckets ( f i g .  1 7 ( d ) ) j  the  s t ruc ture  of both of these groups of 
buckets appeared t o  be solut ion-treated i n  the  as-aluminized (untested) 
conditions ( f i g s .  14(b)  and ( d ) ) .  
i t y  of the s t ruc ture  of the air-melted material r e l a t i v e  t o  the vacuum- 
melted material may be had by comparing t h e  elongation curves i n  f igure  
1 2 .  The vacuum-melted groups (groups 1 t o  4) d id  not elongate as much 
as the  air-melted groups (groups 5 t o  7 ) .  

. 
A f u r t h e r  indicat ion of the i n s t a b i l -  
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I n  order t o  determine the  e f f ec t  of the aluminizing on the  perform- 
ance of t he  buckets, t he  vacuum-melted and the air-melted bucket groups 
must be considered separately.  I n  the case of t h e  vacuum-melted buckets, 
many damage f r ac tu res  occurred, and a conclusion t h a t  one group of buck- 
e t s  was superior t o  another i n  performance (based on time t o  f r ac tu re )  
could not be made. Even though a number of buckets remained i n t a c t  a t  
t he  end of the  t e s t ,  it w a s  not deemed feas ib l e  t o  s t a t i s t i c a l l y  compare 
t h e  performance of the  d i f f e ren t  groups. 

I n  the  case of  the air-melted groups, only the  aluminized group had 

This g rea t e r  bucket l i f e ,  which i s  s t a t i s t i c a l l y  s i g n i f i -  
an average operating l i f e  somewhat greater (28 h r )  than t h a t  of t he  as- 
c a s t  buckets. 
cant,  may have r e su l t ed  from the  aluminizing processj  but  it must be con- 
s idered i n  the  l i g h t  of t w o  additional fac tors .  
bucket group came from d i f f e ren t  master hea ts  than those of t he  cont ro l  
as-cast group. Second, the  aluminized buckets were i n s t a l l e d  i n  the en- 
gine as replacements when o ther  buckets f rac tured  and hence a i d  not run 
exact ly  concurrently with the  control  group. Therefore, although t h e  
performance of the  aluminized air-melted buckets appeazed somewhat bet-  
t e r  than t h a t  of t h e  as-cast  air-melted buckets, it should not be con- 
cluded t h a t  aluminizing alone improved the  l i f e  of t he  buckets. 

F i r s t ,  t he  aluminized 

Bucket Performance Based on Thermal-Fatigue Cracking 
~ ~ - ~ - - ~ ~ ~ _ ~  ~~~~-~~~ ~ - ~ - ~ ~ ~ ~ _ ~ _ ~ -  

Thermal-stress-fatigue cracking of J33 buckets during engini -opera-- 
t i o n  w a s  encountered f o r  the  f irst  time i n  t h i s  invest igat ion;  however, 
t h i s  mode of failure w a s  prevlously evidenced i n  tests i n  J47  engines 
(refs. 4 and 9) .  
cracking ( r e f .  10) indicated t h a t  the cracking i n  547 engines resu l ted  
from thermal gradients  produced i n  buckets during engine s t a r t s .  

h invest igat ion of the  causes of thermal-ratigue 

Thermal-fatigue cracks were observed i n  some buckets of all groups 
i n  50 hours or l e s s  and i n  a l l  buckets i n  120 hours. I n  t h e  case of 
t he  vacuum-melted groups of buckets t ha t  came f r o m  a s ing le  master heat ,  
aluminizing d id  not s ign i f i can t ly  improve thermal-fatigue crack r e s i s t -  
ance. Aluminized air-melted buckets exhibited a somewhat b e t t e r  crack 
r e s i s t ance  than any o ther  group of GMR 235 buckets tes ted .  This supe- 
r i o r  crack resis tance,  though s t a t i s t i c a l l y  s ign i f i can t ,  should be con- 
s idered i n  the  l i g h t  of other  factors  t h a t  may have influenced the  re- 
sults. As s t a t e d  e a r l i e r ,  t he  aluminized air-melted buckets were pro- 
duced from master  heats  d i f f e ren t  from those of t h e  control  buckets and 
were in se r t ed  i n t o  the  t e s t  engine as replacement buckets. 

The aged group of air-melted buckets (group 7)  d id  not exhib i t  a 
d i f f e r e n t  thermd-fatigue crack resistance than t h a t  of t he  as-cast 
group (group 5 ) .  

Cracks i n  fne leadin@; edges c3.n make the  buckets suscept ible  t o  
fracture by o the r  f a i l u r e  mechanisms, such as mechanical fa t igue  or 
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st ress-rupture .  Table I11 ind ica tes  t h a t  all of t he  f rac tures  of t he  
vacum-melted buckets, except damage f rac tures ,  occurred by mechanical 
fa t igue  and or iginated a t  t he  leading edge. 
thermal-fatigue cracks were the sources f o r  the mechanical-fatigue f a i l -  
ures.  This assumption appears va l id  i n  l i g h t  of o ther  engine t e s t s  i n  
which i t  w a s  shown t h a t  mechanical fa t igue  progressed from thermal- 
fa t igue  cracks and thereby caused f r ac tu re  t o  occur i n  times less than 
t h e  expected l i f e  ( r e f .  9 ) .  

This suggests t h a t  the  

T 
SUMMARY OF FPSULTS CL) 

cn 
u1 

The invest igat ion of GMR 235 buckets of various melting prac t ices  
and heat treatments i n  a tu rbo je t  engine a t  1650° F disclosed the  follow- 
ing results: 

1. Based on the  time t o  f rac ture ,  t he  vacuum-melted buckets had bet-  
t e r  than twice the  l i f e  of t he  air-melted buckets. The arithmetic aver- 
age l i f e  of t he  vacuum-melted buckets w a s  g rea te r  than 250 hours, while 
t h a t  of the air-melted buckets w a s  102 hours. 

2. From a p rac t i ca l  standpoint,  there  d id  not appear t o  be an ap- 
preciable difference between t h e  vacuum-melted and air-melted groups of 
buckets because leading-edge cracks had formed by thermal fa t igue  i n  all 
groups a f t e r  t he  r e l a t i v e l y  shor t  operating time of 50 hours. 

3. In the  case of t he  vacuum-melted groups of buckets ( tha t  came 
from a single master h e a t ) ,  aluminizing d id  not s ign i f i can t ly  improve 
thermal-fatigue crack resis tance.  The aluminized air-melted groups of 
buckets exhibited the  bes t  res i s tance  t o  thermal-fatigue cracking. How- 
ever, since these l a t t e r  buckets were from a d i f f e r e n t  hea t  than t h a t  of 
t he  as-cast buckets, and were inser ted  i n  the  engine as replacement buck- 
e t s  and thus d id  not operate concurrently with the as-cast  buckets, it 
should not be concluded t h a t  aluminizing alone could account f o r  the  
somewhat superior performance. 

4. The aged group of air-melted buckets d i d  not exhib i t  a s i g n i f i -  
can t ly  d i f fe ren t  performance than t h a t  of t he  as-cast  group with respect  
t o  thermal-fatigue crack formations or time to f rac ture .  

5. Diffusion heat  treatment alone appearred t o  decrease s l i g h t l y  the  
thermal-fatigue res i s tance  of vacuum-melted and air-melted buckets but 
increased s l i g h t l y  the  time t o  f rac ture  of air-melted buckets r e l a t i v e  
t o  as-cast buckets. 

Lewis Research Center 
National Aeronautics and Space Administration 

Cleveland, Ohio, November 10, 1959 
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"23 11. - PIiETEST CONDITION OF @lR 235 ALLOY BUCKETS 

Master 
heat 

number 

88 

88 

88 

33 
~~~ 

FE3 985- 

F'J3 985 

FB 975 

'FB 970 
FB 955 

Melting pract ice  

Vacuum-melted 
master heats; 
subheats melted 
and cas t  under 
argon 

A%:rnFl%eZ ~ ~ ~ 

master heats ; 
subheats melted 
and cas t  under 
argon 

Condition of bucket 
(a) 

A s  cast  

Aluminum dipped and 
diffusion heat 
treated at 2040' F 
f o r  3 h r  

Diffusion heat  
treated at 2040' F 
f o r  3 h r  

A s  cast 

Diffusion heat 
treated a t  2050' F 
f o r  3 h r  at  NASA 

Aged; tha t  is ,  
heat treated a t  
1800' F f o r  5 h r  

Aluminum dipped 
and diffusion heat 
treated at  2050' F 

Number of buckets 
evaluated 

A t  start 
of t e s t  

-8 

8 

4 

0 

Inserted as 
replacements 

0 

aAluminm-dip coating, diffusion heat treating, and aging done by General Motors 
Corp. except f o r  group 6, which was diffusion heat t rea ted  at  NASA. 

bHeat numbers could not be separated because coating obl i terated ident i f ica t ion  
nube r s .  



'IIABLF: 111. - ORDER OF FAILURE, ORIGIN OF FAILuIiE, AND 

TYPES OF FAILURES OBTAINED DURING EVALUATION OF 

Inches 
above 
base 

GMR 235 BUCKETS IN A 533-9 ENGINE 

(a) Vacuum-melted buckets 

Chordwise 
posi t ion 

;roup 

2.2 

1 

Leading edge 

4 

2.2 
1.1 

Time t o  
failure, 

hr 

Leading edge 
Leading edge 

~~ 

160.2 
160.2 
200.2 
213.0 
213.5 
224.2 
268.2 
268.6 

2.2 

2.6 
2.4 

212.5 
230.0 
239.0 
268.6 
268.6 
268.6 
268.6 
268.6 

Leading edge 

Leading edge 
Leading edge 

189.0 
200.2 
204.8 
230.2 
268.6 
268.6 
268.6 
268.6 

160.2 
200.2 
200.2 
267.0 
268.6 
268.6 
268.6 
268.6 

Type of 
f a i l u r e  

Damage 

i 
Fatigue 
Damage 
Damage 
Unf a i l ed  

Fatigue 
Damage 
Fatigue 
Fatigue 
Unf a i l ed  

Fatigue 
Damage 
Fatigue 
Fatigue 
Unf a i l ed  

1 

Location of failure 

18 

~ 

Damage I 
I 

Unf a i l ed  

1.6 1 Leading edge 

3emarks 
(4  

. 

.. 
Y cn cn 
CD 



6 

cn 
Lo 
Lo 
I w 

~~ 

74.5 
74.5 
74.5 
84.3 
106.1 
125.8 
140.5 

. 

8 

19 

TABLE 111. - CONCLUDED. ORDER OF FAILURF, ORIGIN OF FAILWE, AND TYPES OF FAIL- 

WES OBTAINED DURING EVALUATIONS OF CNR 235 BUCKETS IN A J33-9 ENGINE 

(b) Air-melted buckets 

91.3 
112.2 
114.5 
121.2 
126.8 
135.6 
144.0 
167.2 

ai lure ,  

hser ted a t (  

99.0 
99.0 
99.0 

120.8 
4v. l i f e :  94 

P 
125.8 hr 
83.5 hr 
74.5 hr 
74.5 hr 
90.2 h r  
64.7 hr 
74.5 hr 
99.0 hr 

~~ 

S-R cracks I 

1 

S-R cracks 

i 
S-R fatigue 
Damage 
S-R crzcks 

~~~~ 

S-R cracks 
I 

~~ ~ 

S-R cracks 
Fatigue 
S-R cracks 
S-R cracks 
S-R cracks 
Damage 
Damage 
S-R fatigue 

Location of failure 

Inches 
3bove 
b a s e  

1.8 
2.1 
2.2 
1.8 
2.2 
2.0 
2.2 

2.1 
2.0 
2.2 
1.4 
2.4 
1.8 

2.3 
~~ 

1.8 
2.3 
2.0 
2.2 
2.0 
2.1 
2.2 
2.8 

3.0 
1. 7 
2.8 
2.4 
2.6 

3.0 

Chordwise 
position 

Midchord 

1 
lidchord 
lidchord 
b a i l i n g  edge 
Trailing edge 
lidchord 
b a i l i n g  edge 

\lidchord 
~~~~ 

lidchord 
Leading edge 
Kidchord I 
llidchord 
b a i l i n g  edge 
Leading edge 
llidchord 
!lidchord 

Leading edge 

Remarks 
(a )  

Removed fo r  study of 
thermal-fatigue cracking 

nser ted at 50 hrc 

a A l l  buckets, vacuum-melted and air-melted, had thermal-fatigue cracks on 

bS-R cracks: stress-rupture cracking i n  a i r fo i l ;  S-R fatigue: combination 

'Time when buckets were introduced into test refers  t o  rated-speed time 

leadjng edges a t  time of failure.  

of stress-rupture and fatigue. 

accumulated i n  t e s t  from i ts  inception; time t o  fa i lure  of these buckets 
i s  rated-speed t h e  they were under test. 



1.5-2.2 

1.5-2.6 
1.9-2.5 

2.0-2.4 
2.7 

2.0-2.4 

9 

x 
x 

7. 

x 

10 
25 
1 
10 
10 
12 

2 
12 

1.2-3.5 X 
1.2-3.1 X 

2.1 x 
1.5-2.5 X 
1 . 2 - 2 . H  S 
1.8-2.8 x 
2 . 5 - 2 . 6  X 
1.8-2.9 X 

20 

TABLE IV. - OCCURRENCE OF LEADING-EDGE CRACKS IN GMR 235 BUCKETSa 

Condition 

L 
Accumulated tim 

24.2 I 38.0 
starts at 

10 I C  

above 

platform, 
i n .  

1.9-2.5 
2.1-2.3 

.~ 
iurnber 
:racks 

in 
i l r f o l  

,ocatian 
above 
base 

i n .  
t farm, 

in. 

2.2-2.5 
2.3 

2.0-2.6 

2.4-2.5 

Vacuum 
melted 1.5-2.6 

1.4-1.8 1.9-2.3 5 

2: 
~ ," 2.2-2.5 x 

1.0-2.8 5 
I 

D I  
1.9-2.8 

2.0-2.5 
2.0 

2.1-2.5 

8 

9 

X 
x 

~ 

s 
5 

B 

6 1.2-2.4 X 
7 1.2-2.5 s 

1; 
I 1.2-2.5 i S 

2.3-2.5 9 I 5 1.0-2.5 s 
15 1.1-2.5 x 
18 I 1.2-2.6 X 

(d) 

6 
5 
0 

8 

1.6-2.9 
1.9-2.3 

2 .O-2.6 
1.9-2.4 
1.9-2.4 
2 .1 -2 .6  
2.0-2.3 

2.3-2.5 
2.2-2.5 
1.9-2 .a 
2.4-2.5 

2 . 5  
2.2-2.6 

2 .O-2.6 

1.8-2.5 
1.8-2.6 
1.5-2.8 
2.1-2.2 

( E )  I 2.1-2.5 
1 
3 

3 
9 
5 
6 
15 
15 

6 
4 

~~ 

2.1-2.4 x 
2.1-2.6 s 
2.0-2.4 s 
2.2-2.6 x 
1.9-2.6 5 
1.8-2.8 x 

0 
(.) 2 . 6  

( C )  2.0 

(c) 2.3-2.5 
0 
0 

2.6-2.8 x 
2.2-2.6 1 x 

lved for metallographlc Sti 
lved at 64.7 hr as f a i l e d  
20 I 1.4-2.5 I 9 

2.4 

2.0-2.5 
2.6 

2.1-2.6 
2.5 

2.2-2.7 

1.9-2.6 
1.9 

1.7-2.9 

2 2-8.5 
2.3-2.4 
2.0-2.8 

2.2 
2.2 

2.0-2.6 
led a t  3 

____ 

2.2-2. n 

A i r  
melted 

70 I 1.3-l.Y 1 X 

2.3 
1.7-2.1 I 2.3-2.4 9 

1.3-2.7 
1.7-2.5 
1.9-2.1 
1.8-2.5 

0 

2 .o-2.5 

.7 h r ,  falled at 84.3 hr 

I s 
B 
s 

r. i n s <  

led at $4.7 hr, SR-F 1.2-2.5 

2.5 
2.2-2.7 

hr accumulated in 
I 

I 

1.9 I x 
I I L i 

10 
0 

~ 

0 
0 

0 

0 

8 1.0-2.0 xg 

7 1.8-2.5 sg 

5 2.0-2.2 sg 
10 2.2-2.7 sg 

=Fatigue c r a c k i n g  not detected at first inspection after 10 hr and 4 starts. First c r a c k s  detected after 24.2 hr, as table data Show. 

bSymbola defined as fo l lows:  
s indications so small a s  t o  be considered only a little better than suspicion of cracks 
x definite c r a c k s  <1/32 in. long 
y c r a c k  length 1/32 i n .  to 1/16 in. 
2 crack 1enPt.h >1/16 i n .  
SR stress-ruj;ture ' 
SR-P stress-rupture plus fatigue 

'Impractical to Count because Of fineness Of indication Of cracks. 
dImpractical to count because s c a l i n g  of alloy obllterated majority of cracks. 
'%amaged at 50 hr; no additional readings taken; failed by stress-rupture fatlgue at 74.5 h r .  
fRemOved at SO h r ;  relnserted at 64.7 hr; failed at 106.1 hr. 
gInserted into wheel as replacement b u c k e t s  at times indicated. Inspection times indlcsted are approximate i n  order not to complicate 

table. 
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TABLE I V .  - Concluded. OCCURRENCE OF LEADING-EDGE CRACKS I N  GMR 235 BUCKETS 
~ 

lo". hr 

~ 195.7 ~ 230.2 1 2 6 8 . 6  

Accumula ted  flme a t  i ~ s p  
I - 

120.8 160.2 
-1-99.0---- 

I 
~ 

s ta r t s  at  i n s p e c t :  ___ 
28 

Locatlo" 
above 

il - 
: a t t o r  L O C a f l a ,  

above 
base 

p l a t f o r ,  
I". 

~~ ~ 

1.5-?.! 
1.1-2: 
1.5-2.: 

E . = - ? . :  
1 .6 -2 .  t 

1 . f i - 2 . c  
1 . 5 - 2 . 4  
1.8-2.: 
1 . 1 - 2 . :  
1.7-2.c 
1 . 5 - 2 . t  
1.1-5.1 

~. - 

-~ 
- ... . . . 
-. .. . . . 

"I .- ~ 

L o c a t i o n  
above 

~- 
lumhe 
:rack 

In 
i i r f c  

-~ 
30 
20 
10 
4 0  

7 

(2 
12 

30  
15 
10 
15 

10 
16 
20 

- 

- 

( 1  *0 

25  
5" 
15 
10 
15 
40 
50 

above 
base 

I". 

1 . 4 - 3 . :  
1.7-3 . c  
2.0-2.  t 
1 . 1 - 5 . c  
1.9-2.: 
0 .7 -5 . :  
1.0-2.: 
1.9-3.1 

1.2-5.' 
2.6-2.t 
1 . 4 - 2 . 5  
1 . 1 - 5 . C  
2.0-2 .2  
1 . 2 - 2 . 9  
1.3-2.1 
1.2-3.2 

1 .0-5 .o 
1.0-3.0 
1.2-5.4 
1 .5-2.5 
1.5-%.1 
1.2-1.0 

I.1.) II 

1.6.' 0 
0.8-3.1 
1.4-2.8 
i .i-5.i 
2 . 0 - 2 . i  
1.9-2.b 
1.0-2.1 
1 .?-2.9 

, i a t r o n  

__ 

___ 

-- ~ 

1 .  ,~ ...-. .- 
- ~~ 

base 
platform 

I n .  

1.5-2. b 

1.5-2.6 
1.4-3.0 

1.2-2.11 
1.2-3 .0 

and 2 6 8 . 6  h r  
d b j  o i l d e  sca l  

.. L _ _  
1.0-2.5 
1 . 6 - 2 . 8  
1. I - 2 . 5  

2 . 2 - 2 . 5  
1.1-2.5 
_____ 

1.2-2." 

1.2-2.d 

1.?-5.L? 
l.li-3.0 

1 . " - 5  .!> 
2.n-:.0 
2.1-2.6 
1.5-2.8 
1.2-5.2 

1.5-2.b 
l.e-2.o 
2.0-2.R 

.~..... 

--..__. 

. -  
. . > . L .  

~- 

c- 
1.54.5 
1.:-2.8 
2.1.2.5 
1.:-2.8 
1.--5.0 

1.5-5.0 

aSInho's  d, 1 i - i . d  a a  follows: 
S 

X l ' l l . # l t e  c r a c k s  <1/32 I n .  lonq 
Y c l ' a in  l e n g t h  1/32 t o  1/16 In.  
L CJ'rick l e n g t h  >1/16 In. 
SR s.:-ss-rupture 
SR-F stress-rupture plus f a l l s u e  

I !  l l lcat lonl i  QO s m a l l  a8 t o  be c o n s i d e r e d  o n l y  a little b e t t e ?  t h a n  luaple lon  O C  c r a c k s  

'1"Pldctical to co-n t  because S c a l i n q  of a l l o y  ob1:terat-d na:ority of cracks. 
C I n 9 r i i c t l c a l  to C m n t  because flneness of indication of crack8. 
dInsPrt?d I " t o  *'eel as replaceaent  b u c k e t s  a t  t l r e s  lndlcated. lnspectlon times ! n d l c a t e d  a r e  n p p r o i l m a t e  l o  o r d e r  not to complicate table  

c 
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Distance above base, in.  

Figure 1. - Spanwise stress and temperature d i s t r i -  
butions i n  GMR 235 turbine buckets during ra ted-  
speed operation. 
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Pos i t ion  

I 

2” I 1 

c_ 

’ r a i l i ng  edge 

7 

/CD-4222/ 

Figure 2 .  - Location of elongation gage marks on bucket a i r f o i l .  

. 
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1/8” 
I 

Metallographic 
specimen 

-Hardness 
specimen 

I * -  
I .- I L 
to .4” 4 1 0.5” 

Figure 3. - Location of metallographic and hardness specimens. 
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Figure 4. - Expected life of GMR 235 air-melted tur- 
bine buckets operating in 533-9 engine (based on 
manufacturer's stress-rupture data). 
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M 

Figure 6. - Typical stress-rupture an'? mechanical-fatigue fracture. Air-melted diffusion- 
heat-treated group-6 bucket operated for 74.5 hours. 
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. 

Figure 7. - Typical mechanical-fatigue fracture. Vacuum-melted aluminized group-2 bucket 
operated f o r  268.6 hours. 

. 
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Indication of 
ductility 

Indication of 
brittleness 

Figure 8. - Damaged bucket indicating both brittleness and ductility to 
impaction by flying fragments. 
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C-46166 

Figure 10 .  - Typical thermal-fatigue cracks developed i n  leading edges of 
GMR 235 buckets during operation. 
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Posi t ion  7 Posi t ion  3 

-Bucket 1 
E+-- Bucket 2 

I 1 r I I 

Time a t  r a t ed  speed, h r  

(a) Vacuum-melted buckets. 

Figure 12 .  - Elongation of GMR 235 buckets during engine operation at  1650' F. 
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I 
Posi t ion 2 

Group 5 Group 5 1 

r~- - - Bucket 2 = 

0 100 0 
Time at  rated speed, hr 

(b) Air-mel-ted buckets. 

Figure 12. - Concluded. Elongation of GMR 235 buckets 
during engine operation at 1650' F. 
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m 
LD 
In 
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3 
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Figure 1 4 .  

m. 
(a) As-cast vacuum-melted, group 1. 

' c -  q. 
c 

c: 
\ 

6 1  

< .- C -52000 

(b)  Aluminized vacuum-melted, group 3. 

- Typical microstructures o f  as-received GMR 235 buckets. 
E l e c t r o l y t i c a l l y  etched i n  a 40 percent hydrochloric acid,  10 percent 
n i t r i c  ac id ,  50 percent d i s t i l l e d  water solution; X750. 
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(c) As-cast air-melted, group 5. 

\ 

__. 
\ 

C -52001 

(d) Aluminized air-melted, group 8. 

Figure 14. - Continued. Typical microstructures of as-received GMR 235 
buckets. 
10 percent nitric acid, 50 percent distilled water solution; X750.  

Electrolytically etched in a 40 percent hydrochloric acid, 

M 
I cn cn 
W 



0 

C -52002 

(e) Aged air-melted, group 7 .  

Figure 14. - Concluded. Typical microstructures of as-received GMli 235 
buckets. 
10 percent nitric acid, 50 percent distilled water solution; X750. 

Electrolytically etched in a 40 percent hydrochloric acid, 

t 
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Figure 15. - Microstructure of coating present on aluminized buckets. 
Swab-etched with a 3-part  glycerine,  2-part n i t r i c  acid,  1-part  hydro- 
f l u o r i c  ac id  solution; X1000. 
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Figure 16. - Section of aluminized bucket showing crack i n  coating - 
base-metal i n t e r f ace .  Unetched; X750. 
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(a)  As-cast vacuum-melted group-1 bucket operated 213.5 hours. 

(b )  Aluminized vacuum-melted group-2 bucket operated 212.5 hours. 

Figure 1 7 .  - Typtcal microstructures of operated GMR 235 buckets.  
E lec t ro ly t i ca l ly  etched :'Ln a 40 percent hydrochloric acid,  10 percent 
iii t r l c  ac id ,  50  perct<.iit d l s t i l l e i i  water solut ion;  X750. 
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( c )  As-cast air-melted group-5 bucket operated 120.8 hours. Note 
agglomeration of f i n e  p rec ip i t a t e s .  

( d )  Aluminized air-melted group-8 bucket operated 167.2 hours. 

Figure 1 7 .  - Concluded. Typical microstructures of operated GMR 235 
buckets. 
1 0  percent n i t r i c  acid,  50 percent d i s t i l l e d  w a t e r  solut ion;  X750. 

Elec t ro ly t i ca l ly  etched i n  a 40 percent hydrochloric acid,  

. 
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(a) Typical transgranular thermal-f a t igue  cracks. Etched e l e c t r o l y t i -  
c a l l y  i n  a 40 percent hydrochloric acid,  10  percent n i t r i c  ac id ,  50 
percent d i s t i l l e d  water solution; X100. 

(b)  Typical intergranular  thermal-f a t igue  cracks. Etched e l e c t r o l y t i -  
c a l l y  i n  a 40 percent hydrochloric ac id ,  10 percent n i t r i c  acid,  50 
percent d i s t i l l e d  water solution; X100. 

Figure 18. - Types of thermal-fatigue cracks observed on leading edges of 
operated GMR 235 buckets. 
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( c )  Typical thermal-fatigue crack i n i t i a t e d  i n  oxide sca le  of operated 
bucket. Unetched; X750. 

Figure 18. - Concluded. Types of thermal-fatigue cracks observed on 
leading edges o f  operated GMR 235 buckets.  
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